first reported by Shepherd (6) and during the course of this present work by Mitchell et al (7, 8) and Keilin and Tissieres (9) . This report confirms these latter findings and in addition reports the presence of cytochrome c reductases, glycolic dehydrogenase and the hydroperoxidases. The presence of ascorbic acid oxidase and laccase could not be demonstrated.
MATERIALS AND METHODS The medium described by Goddard (10) was used to grow N. tetrasperma (Dodge 394.4). One day old shake cultures from heavy conidiospore inocula provided short thick mycelial suspensions for respiratory experiments. These cultures were washed repeatedly by centrifugation and placed in large flat Warburg vessels as a thick suspension. One and one-half days old shake cultures provided mycelia for enzymatic studies. They were collected on a Biichner funnel, washed with distilled water and sucked free of fluid. Ascospores were collected according to the method of Goddard (10) . They were stored in a desiccator over saturated ammonium chloride solution in a refrigerator.
The mycelial pad was homogenized in a cold Potter-Elvehjem glass homogenizer or in a cold mortar and pestle containing acid-washed sand with ten ml of chilled 0.05 M phosphate buffer (pH 7.0). The resulting suspension was centrifuged for 15 minutes at 500 x g. The supernatant (H fraction) from this centrifugation was used with or without dialysis as a source of enzyme in most enzyme experiments. In certain experiments the H fraction was centrifuged again at 16,000xg for one hour to yield a precipitate (P fraction) and a second supernatant (S fraction). Ascospores were similarly homogenized with a small glass homogenizer about 2 ml in total volume. The breakage of the ascospores usually was not complete. However, 15 minutes of centrifugation at 500 x g removed ascospores and wall material from the supernatant fraction. The resulting cloudy suspension (H fraction) was used directly as the source of enzymes.
Nitrogen determinations of acid digested material were made by the Nessler method (11) . Washed mycelia were digested with sulfuric acid whereas enzyme preparations were first precipitated with 10 % trichloroacetic acid (w/v) and the precipitates likewise digested with the acid.
Both direct and indirect methods of Warburg (12) were used with total volumes approximately 9 and 20 ml respectively. The vessels in the indirect method were rectangular without center wells.
Cytochrome c was prepared according to Keilin and Hartree (13) and assayed spectrophotometrically (14) . Reduced cytochrome c was obtained by reduction with hydrogen, after removal of 02 with a stream of N2, in the presence of 5 % palladiumasbestos.
Diphosphopyridine nucleotide (60 % pure) and triphosphopyridine nucleotide (10 % pure) were purchased from the Schwartz Laboratories and Aloe Scientific Company, respectively.
Malic enzyme was prepared according to the method of Conn, Vennesland and Kraemer (15) and tested by their method.
Potassium pyruvate was prepared according to the method of Lardy (16) . A similar method was used to prepare potassium glycolate from glycolic acid. Both were finally dried over phosphorus pentoxide.
Pyrogallol was purchased from the Eimer and Amend Company; L-malate from Pfanstiehl Chemical Company; L-ascorbic acid from General Biochemicals, Inc.; and 2,6-dichlorophenolindophenol from the Matheson Company, Inc.
Methyl peroxide was kindly supplied by Dr. Lucile Smith of the Johnson Foundation for Medical Physics of the University of Pennsylvania.
Protocols for individual experiments are given in legends accompanying figures and tables.
RESULTS ANDD DISCUSSION
The terminal oxidases known to exist in various organisms can be grouped into the following categories: (a) the iron-containing enzymes, such as the cytochrome system and the hydroperoxidases; (b) the copper-containing enzymes which include the tyrosinase, laccase, and ascorbic acid oxidase; and (c) the flavin oxidases, e.g., glycolic acid oxidase.
The present survey includes enzymes from all these groups. THE CYTOCHROME SYSTEM: Shepherd (6) demonstrated the presence of succinic oxidase which utilized molecular oxygen to oxidize succinic acid in Neurospora. Haskins et al reported similar results and also the presence of cytochrome oxidase (7). These observations are confirmed in the present investigation in both mycelial and ascospore extracts of N. tetrasperma. Succinic dehydrogenase activity was demonstrated by anaerobic reduction of (a) 2,6-dichlorophenolindophenol and (b) cytochrome c using a mycelial extract and succinate as the substrate. Experiments using the latter method showed an equivalence of oxygen uptake of 42 p. per mg protein nitrogen per hour (Qo2 (N)). The succinic oxidase system was demonstrated with a mycelial homogenate using the Warburg manometric method, and the Qo2 (N) was found to be 94. This value is lower than that reported by Haskins et al (7), who used enzyme preparations centrifuged down at 60,000 x g. Since this enzyme is found in the particulates centrifuged at high speed, they probably achieved a decrease in the amount of protein in their enzyme preparations without lowering the oxygen uptake, and thus increased the Qo2 (N).
Cytochrome oxidase activity was demonstrated by following the oxygen uptake manometrically with hydroquinone as the reducing substrate. The activity of laccase was negligible because, in the absence of cytochrome c, hydroquinone or p-phenylenediamine or ascorbic acid were oxidized only slowly by a mycelial extract. With cytochrome c and hydroquinone, the Qo2 (N) was 665, which is much higher than that of succinic oxidase. The Qo2 (N) values for succinic dehydrogenase, succinic oxidase, and cytochrome oxidase illustrate that the succinic dehydrogenase activity is the lowest and is thus comparable with the spectrophotometric evidence of Chance (17) for heart-muscle preparations.
When the mycelial homogenate (H fraction) was centrifuged at 16,000 x g for an hour, the supernatant (S fraction) was freed from visible matter although the precipitate (P fraction) was composed of clumps of particulate matter when viewed with a microscope. The cytochrome oxidase activity of the H fraction was almost all recovered in the P fraction (table I) . This is in agreement with work on other tissues; e.g., animal tissues (18) , pea seedlings (19) and Myrothecium (20) . Complete separation of cytochrome oxidase activity from the S fraction has not been achieved. It is possible that broken particulates (21) , and it is the undissociated acid that is inhibitory to the cytochrome oxidase.
THE CYTOCHROME C REDUCTASES: Before discussing the hydroperoxidases, it seems appropriate to refer to the cytochrome c reductases found in this organism. Lardy (22) (23) in their studies of the nitrate reductase, but they gave no data for the cytochrome reductase. In the present work, the TPNH was generated by the malic enzyme from wheat germs (15) . The DPNH was\ generated by the alcohol dehydrogenase present in the enzyme preparation by adding alcohol. The results shown in figure 1 in- (e) DPNH coupling system: 0.1 ml 3.3 M ethanol and 02 ml DPN (340,uumoles); (f) succinate coupling system: 0.1 ml 0.3 M sodium succinate; (g) H20 to make 3.0 ml. Blank contained only (a), (b) and (g). fact was utilized in studying the cytochrome c peroxidase reaction using the method of Smith (27) .
Catalase activity in intact ascospores of N. tetrasperma was first shown by Goddard (28) . Bender, Krebs and Horowitz (3) later found that a catalase was secreted into the culture medium during growth of N. crassa. Direct assay for catalase in the mycelia was reported by Tissieres, Mitchell and Haskins (8) after this work was completed. The localization of this enzyme in the S fraction from a high speed centrifugation is shown in figure 2 , and is in agreement with that found with animal tissues (18) . The activities of an ascospore homogenate and a mycelial homogenate were found to be 12.0 and 56.1 A1 02 liberated per ug protein nitrogen per ten minutes respectively.
No evidence for the presence of peroxidase in this organism has been reported. Peroxidase activity was investigated by the guaiacol method of Chance (29) with negative results for the presence of this enzyme. However, using a modified method of Sumner and Gjessing (30) based on the oxidation of pyrogallol to purpurogallin, a peroxidase activity could be demonstrated. It was found to be present in both mycelial and ascospore homogenates ( The failure of the guaiacol method to demonstrate the peroxidase activity could be attributed to either (a) substrate specificity, (b) interference in the formation of tetraguaiacol, or (c) the peroxidase activity of catalase (31) .
Preliminary experiments demonstrated the presence of a cytochrome c peroxidase using the method of Smith (27) . Figure 3 shows the results of an experiment recording the autooxidation of cytochrome c, the cytochrome oxidase oxidation and the cytochrome c peroxidase oxidation. The initial reaction rates for cytochrome oxidase and cytochrome c peroxidase, using the same enzyme preparation, were (20.3 pg PN per ml) and H9O added to make a total volume of 3.0 ml. 0.1 ml 0.5 M phosphate buffer (pH 7.0), 0.1 ml freshly prepared 5 % pyrogallol, 0.1 ml freshly prepared 1 % H202, 0.1 ml enzyme (H, S, P fractions described previously; H fraction contained 13 (5) who demonstrated an inhibitor for tvrosinase in the mycelial extract of N. crassa, it seems justified to conclude that the copper oxidases are relatively unimportant during growth. However, tyrosinase is probably the enzyme responsible for the formation of the black pigment in perithecia and ascospores as shown in a parallel study in Glomerella (33) .
GLYCOLIC ACID DEHYDROGENASE: The fact that a residual cyanide mycelial respiration was present using the Warburg direct manometry (fig 4) recorded using a Beckman spectrophotometer. The following components were placed in an anaerobic euvette described before: 0.3 ml 0.5 M phosphate buffer, pH 7.0; 0.5 ml enzyme; 0.3 ml 0.1 M potassium glycolate; 0.1 ml 0.05 % 2,6-dichlorophenolindophenol; and H20 to 3.0 ml.
Enzyme for curve 1-homogenate dialyzed for two hours against 0.025 M phosphate buffer, pH 7.0 and contained 127 ,Ag PN per ml; for curve 2-above preparation heated for 10 minutes in a boiling water bath; for curve 4-none. Curve 3 contained no glycolate. duction by the complete system. Thus, the optical density change at the end of five minutes for (curve 1 -curve 3) is 0.17 and that for (curve 2 -curve 3) is 0.04; the endogenous rate is now reduced from 45 % to 24 % of the rate of the complete system.
Further investigation on the respiration of Neurospora mycelia exhibited a residual cyanide respiration usingf the Warburg direct method, but a complete inhibition using the indirect method (fig 4) . The complete inhibition of mycelial respiration by cyanide was obtained only with a fine mycelial suspension (not mats) using large flasks which provided adequate liquid-gas interfacial area for gaseous equilibration. The respiratory quotients (R.Q.) were found to be 0.82 and 0.93 using the direct and indirect methods respectively. The latter value was reproducible in several experiments, but the former value varied greatly. Similar results have been obtained with N. crassa where respiration (8, 38) and fermentation (38) of glucose were studied. The complete inhibition of respiration may be explained by Warburg's claim (39) that the indirect method is superior to the direct method. The absence of cyanide-insensitive respiration agrees with the failure to demonstrate the glycolic acid oxidase activity. It is probably true that the glycolic acid oxidase if present is of no physiological significance.
No dye reduction could be observed from an ascospore homogenate. This could be due to the use of inadequate amounts of ascospores or to the complete absence of this enzyme.
GENERAL DISCUSSION
Judging from the evidence in the literature and from this work, it seems certain that the iron-containing respiratory enzymes, tyrosinase, and some of the flavoprotein oxidases are present in Neurospora. The role which each of these oxidases play in the overall respiration is not known at the present time.
Owing to the presence of a tyrosinase inhibitor in N. crassa (5) , this enzyme may not be important as a terminal oxidase. The amino acid oxidases do not appear to be directly linked to natural respiration; amination of the keto-acids involved in respiration must first take place and then be oxidized back to these keto-acids, representing a net loss of energy. Moreover, these oxidases are not inhibited by cyanide, whereas the mycelial respiration is. However, the increasing knowledge of the role of the hydroperoxidases may link these enzymes directly with respiration. The amino acids are known to produce hydrogen peroxide on oxidation by oxidases, and this hydrogen peroxide is toxic and can be utilized by the cyanide-sensitive hydroperoxidases.
Cytochrome oxidase seems to be the most important member of the oxidases. Although, in these experiments, the total cytochrome c peroxidase activity has been shown to be greater than that of cytochrome oxidase, the exact physiological importance of the peroxidase system needs further clarification. Information on the reaction rates of both enzymes which depend on both substrate and enzyme concentrations and data for turn-over numbers of the enzymes are required. The normal concentration of hydrogen peroxide in vivo is of the order of 1F8 M (32), which is much smaller than the concentration of oxygen (order of 103 M, calculated from the Bunsen coefficient). This would argue against the peroxidase participation in the normal respiratory pathway. Notwithstanding whether the peroxidase is important or not, cytochrome c seems to occupy an important position in the overall respiratory pattern, as it can be oxidized by at least two and reduced by three enzyme systems. The known oxidases found in this organism differ little from those of other organisms, e.g., yeast.
